We remind the reader of the meaning and achievements of infraparticles which, although themselves not necessarily of zero mass, require the presence of zero mass in order get delocalized states with a singularity which amalgamates the mass-shell in an inexorable way into the continuum and renders the standard particle concept useless.
A brief anthology of the history of particles versus fields in QFT
The post renormalization era, more precisely the interregnum between the elaboration of the rich observable perturbative effects of renormalized QED and the beginning of the standard model, was despite its appearance as a relative quiet period a time of significant conceptual conquests and of maturing of ideas. Most of the great advances in the understanding of the relation between particles and fields can be traced back to those years. The problematization of that relation in the context of the QM-QFT relation started already way back in the work of Furry and Oppenheimer in the 30s, when these authors observed to their surprise (and that of the particle physics community in those days) that an interacting field applied to the vacuum does not just create a particle (as it would in the second quantized representation of QM), but rather leads to a state in which the expected one-particle contribution is inexorably amalgamated with an infinite vacuum (particle-antiparticle) polarization cloud. It is this interaction-caused ubiquitous polarization cloud (which comes with the application of any local observable in any interacting theory to the vacuum) which is the cause of the holistic aspect of QFT as well as the problematization of the particle field relation. in contrast to QM (including relativistic QM) any interaction within the locality principles obeys a kind of universal benevolent particle physics version of Murphy's law: all channels described by compactly localized states whose coupling is not forbidden by superselection rules are actually mutually coupled in interacting QFT. A theorem which goes into this direction is the Reeh-Schlieder theorem stating that a localized subalgebra applied to the vacuum generates a dense set of states 1 . The theorem which leads to a nonperturbative model-independent understanding of the Furry-Oppenheimer observation is the statement that if a state vector created by an interacting field Φ(x) acting on the vacuum in a theory with a mass gap does create a (Wigner) one particle state, the underlying QFT is generated by a free field. This (Jost-Schroer) theorem was later generalized to zero mass situations, including the very tricky 2-dimensional case [1] . It even holds for theories which are generated by string-like localized fields [2] .
In more recent times the use of modular localization theory [3] [4] permitted a generalization to arbitrary compactly localized operators independent of their covariance properties. Only operators which are localized in noncompact regions, whose causal completion is at least as large as a wedge, can generate one-particle states which are free of contamination by vacuum polarization. The previous theorem together with the crossing property has the following consequence for formfactors
i.e. if one formfactor vanishes then all others which result from crossing also vanish. Although I am not aware of a proof for this on-shell Murphy's law, there is no known exception in the perturbative realm or within the exactly soluble class of factorising models. This coupling of a localized state A |0 to all admissible particle states is basically a property of causal localization and energy positivity; it only needs the presence of an interaction as a "catalyzer", the kind of interaction and its strength is irrelevant.
This also explains what is behind the metaphor: "the vacuum is a broiling soup of particle/antiparticle pairs". The idea that the energy conservation can be bypassed for short times (on the basis of the uncertainty relation) is one of those harmless but nevertheless incorrect metaphors. The correct statement can be red off from the previous formula and consists in recognizing that localized states in QFT as A |0 not only obey Murphy's law but also have energy content which extends to infinitely large values (so there is no violation of energy conservation) and the broiling soup is the infinite collection of particle components of A |0 .
Born-factorization into a localized QM and its complement does not cost any energy since the vacuum tensor factorizes under spatial subdivisions. The vacuum in quantum theories with a finite maximal propagation velocity (i.e. in QFTs) on the other hand resists tensor factorization by requiring infinite energy. Only by creating a "splitting distance" between the space-time region and its causal complement can the energy and entropy content of such a situation be finite. This splitting process leads to a product vacuum, but unlike the quantum mechanical case it is accompanied by thermal manifestation (in particular by the appearance of an entropy which obeys a universal area law)
2 . The best understanding of this phenomenon is achieved by juxtaposing the Born-localization of QM with the covariant modular localization of local quantum physics [5] . As a result one also finds significant differences concerning entanglement associated with local splits in QM and QFT. Whereas the first situation leads to an information theoretical kind of entanglement, the ubiquitous vacuum polarization clouds destroy the connection with information theory and generate thermal manifestations instead.
The existence of rather simple well behaved wedge-localized generators without vacuum polarization in two-dimensional factorizing models is at the root of integrability/factorizability. After struggling for more than five decades with the problem of securing the mathematical existence of strictly renormalizable models (the renormalized perturbative series diverge and hence contains no information about the existence), one finally obtained complete mathematical control and conceptual understanding of an interesting class of strictly renormalizable QFTs 3 [6] [7] [8] . One of the lasting achievements of the late 50s and 60s was the derivation of scattering theory from the locality principles of QFT in conjunction with the positivity of the energy. Together with the assumption of a mass gap and the asymptotic completeness property, this fixes the Hilbert space in which the observables act to be of the Wigner-Fock form. With these results the old particle-field problem of Furry-Oppenheimer was brought to rest in the sense that although compactly localized vacuum polarization f ree generators (PFGs) of particle states do not exist in interacting QFTs at finite times (in contrast to QM), multi-particle states appear at infinite times in the sense of scattering theory and they determine the Wigner-Fock multiparticle structure of the Hilbert space.
Infraparticles and Unparticles
Already at the beginning of the 60s there were clouds of doubts whether this setting based on Wigner's identification of particles with irreducible represen-tations of the Poincaré group was sufficiently general to incorporate theories as e.g. QED. For such theories, despite the nonexistence of an S-matrix as a result of incurable infrared divergencies, certain probabilities in the form of inclusive cross section (in which one sums over outgoing photons below a resolution energy) came out finite thanks to a compensation of infrared divergencies between virtual (inner lines in Feynman diagrams) and real photons. Following the classic Bloch Nordsiek paper the technology of these compensation calculation for infrared finite inclusive cross sections was refined [9] and led to very successful calculations.
From a conceptual point of view this recipe was less than satisfactory because it revealed nothing about the nature of the electrically charged particle as an object in physical state space, apart from the qualitative observation that infrared divergencies indicate problems with compact spacetime localization in the quantum setting. What was needed was a new concept beyond the Wigner classification. The first step in this direction was taken in 1963 under the name of infraparticle [10] ; the name chosen for these new particle-like states referred to the cloud of infrared excitations which prevented the formation of a mass shell. A soluble two-dimensional model served to exemplify the characteristic property of the energy momentum spectrum of infraparticles.
The Kallen-Lehmann representation of the two-point function revealed that the isolated delta function mass shell singularity became dissolved into the photon continuum and the resulting singularity was a cut starting at the electron mass with a coupling-dependent singular power law. As expected from unitarity, the positive measure property of the K-L mass distribution forces this singularity to be "milder" than a delta function in such a way that in a split into a delta function and the rest every separate term would violate unitarity. As a result the short-distance scale dimension becomes bigger.
Hence it was clear that this singularity required a more involved characterization outside the particle-scheme of Wigner. The milder momentum space singularity (larger short distance scaling dimension) also leads to a vanishing of the large time LSZ limits, and hence there is no LSZ time-dependent scattering theory for infraparticles 4 ; as a consequence one cannot compute cross sections via the S-matrix, and, last not least, the Hilbert space does not have the structure of a Wigner-Fock multiparticle space.
Momentum space representations do not reveal much about the physical content of the theory, and they are not the best matching points for our physical intuition with the conceptual structure of a theory (see appendix). Indeed the first model study of infraparticles did not shed much light on their intrinsic model-independent properties; in particular the question of how one can identify electrically charged particles with infraparticles (and how one can formulate their inclusive scattering theory in an intrinsic manner i.e. without using cooking recipes) remained open.
Since charged particles are inexorably tied up with (soft) photons, the first step was to generalize scattering theory to photons. Using Huygens' property, such a generalization was reasonably simple [11] . The detailed identification of electrically charged particles and the formulation of their scattering theory turned out to be a more arduous enterprise; partial results found on this way are contained in [12] [13] . A remarkable structural (perturbation-independent) result which links the infraparticle energy-momentum structure directly to a rigorous quantum formulation of Gauss' law can be found in [14] . Among the structural properties is also the statement that a 4-dim. infraparticles spontaneously break the Lorentz symmetry. More recent developments will be deferred to the last section.
The momentum space aspects of "unparticles" [15] [16], which were recently proposed as candidates for dark matter, are identical to those of infraparticles; in fact even the motivation behind the 1963 paper, to get away from the Wigner particle concept on which the LSZ scattering theory is build, is the same. The only difference is that the 1963 infraparticles were introduced in order to understand our best "candles" in particle physics, namely electrically charged particles, whereas the supporters of unparticles hope to arrive by spectral tinkering 5 with the standard mass gap situation to an explanation for dark matter, a truly ironical situation! It is even more ironic in view of the following sort of statements one finds in those papers: the known particle physics is based on theories which have a mass gap or are free in the infrared; as if the strong coupling of infrared photons to charges which leads to their unparticle spectrum never existed.
Since there is no argument which supports the darkness allegation, one can only comment on some concrete statements which appear in those papers. The claim that one needs a conformal theory interacting with a massive one in order to get an unparticle spectrum is correct, but too unspecific in this generality. The (pseudo) scalar interaction of spinor matter with zero mass mesons is not infrared strong. The interaction with photons has the necessary strength and little is known about interactions with higher helicity zero mass matter. To define an interaction of massive matter with anomalous dimensional conformal matter is meaningless since such conformal matter is itself the result of an interacting theory and our perturbative notions of interactions do not allow to couple non-free fields. There remains the possibility to interpret such an object as a generalized free field 6 but then it remains to be seen whether the perturbative approach can be generalized to such situations.
The unparticle discussion has also revived the question of whether interacting conformal theories (which necessarily come with anomalous dimensions 7 ) have a particle content. Since a field with anomalous dimension leads to a van- 5 In view of the apparent validity of Murphy's law in QFT [17] [18] stating that if two channels can couple (equal superselected charges) they do couple, the value of such "scale sliding arguments" in favor of weakly coupled unparticles is extremely doubtful. 6 A generalized free field of anonalous dimension would arise from a AdS free field by using the AdS-CFT correspondence [19] . 7 A conformal QFT containing a field with the canonical scale dimension is necessarily free in the subspace it creates from the vacuum [18] .
ishing LSZ limit (for the same reasons as above), and since a field with canonical dimension is a free field [18] , the deep-rooted suspicion during the time of dispersion relation (yet without theorems) that CFT may not contribute anything to the observable content of particle physics was well founded.
The physical picture about interacting conformal QFTs is that they arise as zero mass (or short distance) limits of massive theories; so this raises the question whether one can at all extract from conformal correlations informations about the real world. The standard argument why this should be possible is that in the scaling limit of a theory with mass gaps (and therefore with a welldefined scattering theory) will be a conformal QFT in which all multiparticle thresholds collapse on top of each other.
Returning to the connection of unparticles with DM one should add that both arguments made in order to establish this connection, namely the appeal to properties of the energy-momentum spectrum and the "scale sliding argument" (trying to fight against Murphy's law) are hardly convincing. DM, if it not described by a neutral particle in an extended standard model but rather an unknown aspect of known matter, should be connected with unusual properties of localization as described in [17] [21] 3 Interactions with string localized massless vector potentials and infraparticles
There are two ways to deal with interactions of (m = 0, s = 1) fields as they occur in QED. One can either chose the standard gauge theoretical setting in which one circumvents the nonexistence of point-like potential associated to well-defined point-like field strengths 8 in a indefinite metric space containing ghosts, or one stays with the Hilbert space structure of QT and accepts covariant semiinfinite string-like localized potentials [4] .
The only physical objects which one can construct directly in the gauge setting are the local observables which are generated by the field strength. On the other hand delocalized observables as the charged fields have to be defined "by hand" (see [21] and the references therein). In the case of abelian gauge theories one has a good idea of how to define and perturbatively verify properties of string-like generators but this knowledge is of no use in the realm of nonabelian theories. The second method based on string-localized vectorpotentials does better on this point.
A string-like vectorpotential is described by a field A µ (x, e) with a commutation relation which makes the causal spacetime localization on the halfline x + R + e explicit [4] . For a free string-like vectorpotential one finds
Here u(k, e) is a numerical intertwiner which intertwines the unique Wigner representation with the covariant string localized covariant representation. The A µ is a free field which fluctuates both in x and the string direction (described by a spacelike unit vector e, a point on the 3-dim. de Sitter space). In other words e is not a (gauge) parameter but rather a localization variable in which the field fluctuates. The upshot of this two-fold fluctuation is that the short distance dimension in x (which for a point-like massive vector field is sdd = 2) will now be reduced to sdd = 1.
Perturbation theory with strings instead of point-like objects are further removed from classical field theory (and also from Lagrangian quantization and functional integrals) and presents some new problems, in particular in connection with the Epstein-Glaser iteration. They are presently being investigated [22] ; what is however obvious (by just looking at the sdd of the free strings) is that at least the power counting aspect fulfills the formal prerequisites of renormalizability.
Why wasn't this seen in gauge theory? Well, in some sense it was noticed under the label "axial gauge", but unfortunately the reading of e as a gauge parameter led to confusing infrared divergence problems in loops involving vectorpotentials; as a consequence the axial gauge setting never took off the ground as a useful perturbative renormalization scheme.
The fluctuating string interpretation explains these infrared problems which are caused by objects which are distributions in x and e and suggests how to do deal with them in perturbation theory. It also shows that e (unlike a gauge parameter) participates in the Poincaré transformation of the Wigner representation theory.
Correlations for electromagnetic field strengths without external charge lines are independent of the e ′ s, whereas those involving charge operators have a strong dependence on the string directions. This shows that the string-localized setting replaces gauge invariance by e-independence, which turns out to be the same as point-like localizability. The main advantage of working with stringlocalized potentials instead of potentials in the gauge setting is that (since all operators act on the physical Hilbert space) the delocalized physical chargetransferring operators appear in a natural way without the necessity of invoking complicated and highly arbitrary "by hand" guesses to define physical charged operators via BRST cohomological constructions. The way to obtain physical string-localized charged fields as limits of operators Ψ(x, f ), where f is a directional smearing function can be found in [23] . The starting point is the Dirac-Jordan-Mandelstam formula, a classically gauge invariant string-localized expression which is not part of the perturbation technology (which contains only local gauge invariant field strengths and matter composites) but has to be added.
In the string-localized setting one starts from free string fields in a WignerFock space. The interaction term of QED is a product of a free current and a string=localized field with the current "sitting" at the start of the semiinfinite string. The main problem of renormalization theory is to define time ordered product of such operators. The best approach to do this for string-localized fields is the causal Epstein-Glaser approach. It is important that the inductive renormalization arguments are done for generic values of e (the number of e ′ s increases with perturbative order), because only then does one have the full restrictive power of the string-extended Epstein-Glaser renormalization formalism (using a string-extended version of the Steinmann scaling degree).
The calculations have not been finished [22] , but already in the preliminary state it became clear that the new concepts are not very different from those extensions of the E-G approach used in curved spacetime renormalization theory [24] . It is only knowing that freedom that one can pass to the physical situation where all the e ′ s are smeared with the same directional supported smearing function. This corresponds to the afore mentioned physical situation of physical charged fields except that in the string setting one does not need to guess a formula in terms of gauge dependent fields.
Whereas at the start all fields are L-invariant, one knows from Buchholz's structural results that at the end (presumably outside perturbation theory) one has to get a situation in which the L-invariance is spontaneously broken and the string directions (directions of the infrared clouds) define continuously many superselection rules [13] [11] .
In this setting the famous question why can there be no gauge choice-dependent physical variable, which usually provokes different answers from different individuals, has an unambiguous answer which is the result of replacing the classical gauge principle by the quantum locality principle. The removal of the classical gauge formalism and its substitution by the point-like locality principle within a wider context of semiinfinite string-like localized fields is a step away from classical metaphors towards an autonomous quantum realm. All properties of QFT, including such diverse concepts as inner symmetries and their spontaneous breaking, the Schwinger-Higgs screening, the TCP and the spin-statistics theorems and even the occurrence of plektons in d=1+2 have their origin in the richness of manifestations of causal quantum localization. The main point of this work was to add the gauge principle as being on its way to be added to this list. There is even a good chance that dark matter may be an unusual illustration of the richness of possibilities of ordering matter in spacetime [21] .
For the interested reader it may be useful to obtain some informations about some more recent contributions to the issue of charged particles. Already in the late 60s Araki and Haag [11] laid the groundwork for a more general scattering theory which aims directly at probabilities. The important role in that work was the field theoretic definition of a localized counter within the algebraic setting of QFT. These ideas were further developed and culminated in the concept of particle weights which should contain the Wigner particles as well as infraparticles [20] . Although none of the experts on the subject doubts that an extension of this formalism will give scattering probabilities, the formalism did not yet lead to a concrete formula. Particle weights become meaningless in the case of interacting conformal theories.
A practitioner may criticize the intellectual expenditure of this conceptual research in its relation to the rather successful calculational recipes. But I think for the better understanding of our oldest and application-wise most successful QFT no intellectual expenditure is too high. With huge holes in our conceptual understanding we have no resistance against metaphoric ideas as the unparticle illustration shows. But on the other hand metaphors are important at the cradle of new ideas. So what is needed is a critical corrective and the present one may already be too late.
